CO, exchange may rise to about 1 litre in heavy exercise, with a transit time of 1-2 s in the lungs. 8. The method can be employed for estimating pulmonary blood flow during physiological studies in subjects with normal lungs.
theoretical value of alveolar PCO, after dilution of the alveolar gas by inspiration but before CO, has exchanged with lung tissue; Pco,,, a theoretical value of alveolar Pco, after dilution of the alveolar gas by inspiration and exchange with lung tissue but before there is any increase as a result of pulmonary blood flow; Vtls., Vblood, volume of extravascular lung liquid and pulmonary blood able to exchange with alveolar gas respectively; /Itis., /Iblood, CO, dissociation slopes of the extravascular lung liquid and the pulmonary blood respectively.
Introduction
The use of the 'indirect CO, Fick method' for the estimation of cardiac output in human subjects has several attractions, notably simplicity and safety. However, some new discoveries about pulmonary CO, exchange appear to invalidate the technique:
(1) when estimating oxygenated mixed venous Pco,, CO, is rebreathed to produce an alveolar equilibrium but the blood leaving the lung is found to have a lower PCO, (Jones, Campbell, McHardy, Higgs & Clode, 1967) ; (2) the magnitude of this difference varies with Pco, and is much greater in exercise (Jones, Robertson, Kane & Campbell, 1972); (3) Pco, of blood may not be the same when it is circulating as when it is removed from the body and analysed (Forster, 1977) .
Some reactions of bicarbonate and CO, in plasma and erythrocytes may be too slow to reach equilibrium before the blood leaves the pulmonary capillaries. Hyde, Puy, Raub & Forster (1968) found no evidence that these problems affected the rate of uptake of "CO, during breath-holding at rest. To study this further, we examined the exponential rise of Pco, during the rebreathing of air at rest and during moderate and heavy exercise. Having confirmed in pilot studies that the rise of PCO, towards the plateau value, measured separately, can be analysed as a single exponential, we calculated cardiac output from the rate of this rise, reasoning that if the reactions of CO, in the pulmonary blood did not reach completion in one transit time, the use of published values for the CO, dissociation slope would result in low values for pulmonary blood flow.
Experimental

Subjects
Thirteen men and one woman aged between 20 and 35 years acted as subjects; they were in good health. They were employed in the Royal Naval Physiological Laboratory; many were trained divers and all were accustomed to vigorous physical exercise, as is evident from the high submaximal workloads achieved in this study.
Methods
Two studies are reported: (a) a comparison of a simple version of the new CO, method for measuring pulmonary blood flow (QcoJ with published data obtained from similar subjects (Winsborough, 1973) ; (b) simultaneous determination of cardiac output from the rate of change of alveolar Pco, and PN,O (Qcoz) and QN,o).
Pulmonary blood flow by CO, rebreathing (Qco,). Lung volumes were determined by the dilution of a single breath of helium. The subjects were trained to exhale to residual volume at rest and in exercise.
All the estimations of pulmonary blood flow were made at least 2 h after a meal. The subjects rested for 10 min, or exercised for 5 min at constant work rate on separate occasions, seated in a dental chair at a cycle ergometer with electrical control of the workload. Oxygen consumption was determined by closed-circuit spirometry. Qco, was then determined by the successive rebreathes, oscillations of Pco, being analysed by recording the output of a rapid CO, analyser sampling continuously at the mouth (Fig. 1 ) where , I is a factor, greater than 1, which accounts for the CO, stored and released by lung tissue and the pulmonary blood present in the lungs at any instant. It is determined experimentally (eqn. 2). The capacity of the pulmonary capillary blood and lung tissue to store CO, may be derived from , I (Appendix, eqn. 14). best straight line drawn through the plot of log, PA,N20/t; PA,N~o, is derived from the linear plot; tt -to is in seconds; ais the solubility of N,O in blood at 37OC, taken as 0.182 mmol I-' kPa-' (Cander, 1959) .
Pulmonary
Analytical methods
The infrared analyser used in the first group of experiments was calibrated and checked for linearity in 20% and 60% 0, from bottled gases analysed on Haldane's apparatus.
A respiratory mass spectrometer (Centronic 007) was used to analyse N,O, CO, and N, 
Results
Repeatability of Qco, measurements
One experienced subject (M.W.) performed 10 estimations at rest, 50, 100 and 150 W and 3 at 200 W on five separate occasions. The results are shown in Fig. 2 . The scatter was approximately +20% of the cardiac output.
Measurement of cardiac output in steady-state exercise at increasing VO, in 12 subjects
The results are shown in Fig In this study, both heart rate and Qco1) were slightly lower than in the second set of experiments for any given Vo,. The difference was not significant at the 5% level.
At high work loads, QN,O was lower than Qco2'; the difference was significant (0.05 > P > 0.01) (Fig. 4) .
E:
Qco 
Pulmonary blood and tissue CO, capacity
as the latter increases above 10 litredmin (Fig. 5) .
This increases progressively with cardiac output 0 0 . 5 
Discussion
Two simple modifications could improve the C0,-rebreathing method described:
(1) It is preferable to estimate alveolar volume at the time of the test by adding argon, helium or neon. Nitrogen dilution can be used if the inspirate contains 40% 0,. Exhalation to residual volume is then un-necessary.
(2) We have taken no account of the increase of CO, dissociation slope caused by metabolic acidaemia, some 10% when 'base excess' is 7 mmol/l (Godfrey, 1970 Our CO, method does not underestimate cardiac output, even in very heavy exercise. This result confirms that the transfer of CO, is normally limited only by pulmonary blood flow, at all levels of cardiac output. On the basis of several theoretical and experimental studies it has been suggested that CO, does not reach equilibrium in the circulating blood, and that measurements made in vifro some minutes after sampling are different from those in vivo (Forster & Crandall, 1976; Forster, 1977) . Because of the lack of carbonic anhydrase in plasma, bicarbonate ion must diffuse into erythrocytes before it can be dehydrated to form CO,. If pulmonary transit time were too short for these reactions to be completed, the apparent dissociation slope of CO, in whole blood in vivo would be less steep than the curves obtained experimentally under equilibrium conditions in uifro (p). 'Qco,' would be 'too low' if calculated with the value in uifro of / 3 in the denominator. In other words, the transfer of CO, from blood to alveoli during rebreathing would appear to be limited by diffusion or by a chemical reaction in blood, and Qco, would be less than QN,o.
'Diffusion' limitation of 0, uptake has been demonstrated in this way by Cerretelli, Veicsteinas, Teichmann, Magnussen & Piiper 0974). In contrast, Hyde ef al. (1968) used 13C0, and acetylene to show that 'Qco,' was similar to 'Qc,H,' at rest and during very mild exercise, and our experiments point to the same conclusion even in submaximal exercise.
It is possible to estimate pulmonary blood volume from the CO, capacity of lung tissue and pulmonary blood. This can be determined from our results by using eqns. (13) and (14) in the Appendix and assuming that the volume of extravascular lung water remains constant at 0.5 litre and has a CO, capacity of about 13 ml/kPa (1.75 ml/mmHg) (Hyde et al., 1968) . At rest, the mean result for Vbl0,,,, in our subjects was 110 ml, rising to about 700 ml at exercise loads of 2 litres/min and to about 1 litre at 0, consumptions of 3 litres/min. Thus the volume of blood in the lungs accessible to CO, in exercise is 2.5 times as great as that accessible to C O (Johnson, Spicer, Bishop & Forster, 1960) . We present these conclusions tentatively, because they are based on a hypothetical interpretation of the results. It may well be, however, that the high solubility and diffusing capacity of CO, does make it accessible to extra-alveolar vessels, probably pulmonary venules. The time available for pulmonary CO, exchange calculated from our results averages 1.3 s at rest and 2 s in exercise; Bosman, Lee & Marshall (1965) came to a similar conclusion.
Qco, is calculated from information derived entirely from the gas phase. Our results do not help to decide whether or not a correction should be applied to rebreathing estimates of fi,co, when these are used in conjunction with arterial PCO, to determine cardiac output (Jones ef al., 1967; Godfrey, Katzenelson & Wolf, 197 1; Zeidifard, Godfrey & Davies, 1976) . These experiments do not exclude the possibility that there is a constant difference between blood and gas Pco, values in the lungs in vivo.
This application of the Fick principle appears to provide a simple, safe and effective method for determining pulmonary blood flow and the CO, storage capacity of the lung which may be used in physiological studies.
assistance. This study forms part of a thesis for the degree of Ph.D. awarded to M.W. by the Council for National Academic Awards. Part of this paper has been published in abstract (Winsborough, 1974 
APPENDIX
The rate of rise of alveolar CO, concentration with breath-holding is: proportional to the inflow of CO,, brought by the mixed venous blood; inversely proportional to the size of the alveolar and lung tissue reservoir. Assuming a uniform lung at constant volume, we write a mass eqn. (l), in which the concentration of CO, in the alveolar gas, the lung tissue and the pulmonary blood already in the lungs, is increased by excretion of CO, from the incoming venous blood. Alveolar Po, is kept above 20 kPa, so the pulmonary blood is fully oxygenated.
At any instant, the partial pressures of CO, in blood, lung tissue and alveolar gas are considered the same. Then, if Vtls., VbId are the lung tissue and blood volumes and Ptls., /Iblood are the lung tissue and blood capacity for CO,, in litres per litre per pressure unit: In SI units, CO, capacity is expressed in mmol I-' kPa-I. In this account, / 3 is in 1/1 per pressure unit to simplify comparison with earlier discussions of this subject and with the majority of published dissociation curves. The factor 22400 has to appear in the numerator if F02 dissociation slopes are expressed in SI units.
